We examined the properties of frozen dough made with an extra strong (ES) flour called Wildcat to determine the freezing resistance of the flour. The results were as follows: (1) Degradation of the frozen dough, which is evaluated as the decrease in specific loaf volume, was mostly induced by damage to the yeast from freezing. This damage lowers the gas retention of the dough, resulting in a weakness in its physical properties and reduction of its gassing power. (2) Properties of the ES flour as frozen dough were good. Tolerance to degradation when frozen was due largely to its gas retention decrease being less than that of other flours. (3) This lower decrease in gas retention when frozen was mainly a result of a rather high value of the dough's breaking force when it was thawed, which was attributable to its resistance to glutathione, a reducing agent, that leaked from frozen damaged yeast. This resistance seemed to be related to the particular physical properties of this dough without freezing, which was represented for very high value of breaking force of this dough.
The use of frozen dough is currently valued in the baking industry for its advantages of time-saving and volume preparation (Tanaka, 1981) . One disadvantage is the degradation in quality of the dough that occurs gradually during storage in the freezer. Therefore, when dough that has deteriorated is used, it softens and the period of fermentation is increased. There is also a decrease in the volume, an increase in the speed of the staling process, and the generation of "fish eye" that occurs after baking (Autio & Sinda, 1992; Berglund et al., 1991; Inoue et al., 1991; Inoue et al., 1994) . The injury on yeast by freezing and the deterioration of the gluten matrix of dough that is caused by the formation of ice crystals are also recognized. Much research has been done on yeast and its resistance to freezing (Hino et al., 1987; Hsu et al., 1979; Merritt et al., 1960; Neyreneuf & Delpuech, 1993; Tanaka et al., 1976) ; and various physical properties and the gas retention of dough when frozen has been evaluated as well as electron microscopy observation of the damage to frozen dough (Berglund et al., 1990; He & Hoseney, 1992) . However, there have been only a few studies on flour and its properties when dough is frozen (Inoue & Bushuk, 1992; Wolt & D'Appolonia, 1984) .
In this study, we note that ES flour has very strong gluten and a very strong resistance to freezing, which was anticipated. The resistance and its causes were examined and compared to conventional hard flour. Using three levels of foreign hard flour, foreign hard flourϩgluten, and ES (Wildcat) flour, the breadmaking tests were carried out by a no-time frozen dough method. The examination was mainly made to determine the freezing resistance mechanism of the ES flour dough.
Materials and Methods
Preparation of trial flours The commercial hard wheat flour milled from imported wheat, Camellia, which was used as Control, and freeze dried gluten (gluten) were purchased from the Nisshin Flour Milling Co., Ltd., Tokyo and Yokoyama Flour Milling Co., Ltd., Sapporo, respectively. The ES wheat (Wildcat) was cultivated in the Memuro test field of the Hokkaido National Agricultural Experiment Station in 1997. Flours of 60% extraction rate (flours) were obtained from the test mill of Bühler Inc., Uzwil, Switzerland.
Flour properties The protein content was measured using a near-infrared reflectance instrument (Inframatic 8120, PerCon Co., Hamburg, Germany). The ash content was measured by the method of the American Association of Cereal Chemists (AACC) (1991a). The water absorption of the flours was measured with a Farinograph (Brabender, Inc., Duisburg, Germany) that requires the use of small mixing bowls according to the AACC method (1991b). The gelatinization characteristics of the Control and Wildcat were measured with a rapid visco-analyzer (RVA) at peak and minimum viscosities according to the method developed by Watanabe and Suzuki (1991) .
Preparation of the freezing damaged yeast Ten grams of yeast and 50 ml of distilled water were mixed and placed in a closed polyethylene bag. The mixture was then quickly frozen in a freezer (Sanyo Electric Co., Ltd., Tokyo) at Ϫ40˚C for one hour and preserved at Ϫ20˚C for about one day. It was then thawed at 30˚C in 85% humidity for 3 h. Yeast with varying degrees of damage was prepared by repetition of this procedure.
Bread-making and evaluation of the breads Using a Swanson pin-type mixer (National Mfg. Co., Lincoln, USA) with its rotational frequency improved 1.5 fold by Takata et al. (2000) , the optimum mixing of the dough was carried out in 200 g of a flour base as an index of the optimum current value of the mixer's motor (the time to current peak time (peak time) ϩ1/10 of the time to reach the peak). The other conditions were the same as bread-making method of the standard white bread's formulation of Yamauchi et al. (1999) . Bread-making tests were conducted in flours of Control, Control ϩgluten (ϩGluten), and Wildcat. A flour with 2% gluten was used in the ϩGluten category. The breads made from dough frozen for 1, 2, and 4 weeks were evaluated and compared to bread made without using frozen dough. Regular yeast with no resistance to freezing was used to identify the differences in resistance among the different categories of flour. The water absorption for frozen dough was reduced to less than optimal Farinograph absorption for a consistency of 500BU. These levels were 65% in the Control and Wildcat categories, and 67% in the ϩGluten category. The breadmaking tests with damaged yeast and with various amounts of Lascorbic acid (ASA) and glutathione (GSH) were conducted using the same flours as in frozen dough bread-making test. The breads were made under the conditions described above but without the freezing process. The specific loaf volume of the breads was measured by the rapeseed replacement method of Yamauchi et al. (1999) .
Dough properties The current of mixer's motor during mixing of the dough was measured by a method developed by Takata et al. (1999) . The total gassing power at 30˚C for 80 min was measured with a Fermograph II ( ATTO Co., Ltd., Tokyo) with 20 g of dough after bench time. The gassing power of frozen doughs was similarly measured after thawing at 30˚C for 1 h. The data shown are an average value of two samples. The breaking force and breaking deformation of doughs that had not been frozen (non-frozen doughs) were measured using 10 g of dough by a method of Yamauchi et al. (2001) . The physical properties of the frozen doughs were similarly measured using the dough after it had been thawed at 30˚C in 70% relative humidity for an hour. The data regarding vacuum expansion (gas retention) of dough was measured by a method developed by Yamauchi et al. (2000) , which required the use of 20 g of dough following proofing. The measurement using frozen dough was similarly carried out using the dough in final fermentation after it had thawed at 30˚C in 70% humidity for an hour. The data regarding the physi-cal properties and vacuum expansion of dough are shown as an average value of two and three samples, respectively.
Results and Discussion
Properties of trial flours and the doughs The protein and ash contents of the Control and Wildcat were 12.4%, 0.41% and 14.6%, 0.51%, respectively. The water absorption of these flours measured with a Farinograph was the same at 66%. The gelatinization characteristics at peak and minimum viscosities of the Control and Wildcat were 252 RVU, 120RVU and 247 RVU, 110 RVU, respectively. The peak times of the current of the mixer's motor in the dough of the Control, ϩGluten, and Wildcat were 2.8, 2.7, and 6.7 min, respectively. In the Control and ϩGluten categories, there were similar peak current times of somewhat less than 3 min, while it was about 7 min in Wildcat and the particularity of ES flour required the longest mixing time.
Bread-making quality of ES (Wildcat) flour and evaluation of the breads The results of the tests with frozen dough in all three categories, which included specific loaf volume, crumb grain of the bread, gassing power of the dough, physical properties of the dough, and vacuum expansion (gas retention) of dough, are shown in Figs. 1, 2, 3, 4, and 5. In Wildcat, the high specific loaf volume was maintained better during freezing storage compared to the others, and the value of the bread from Wildcat dough frozen for 4 weeks was nearly equal to that of Control bread from non-frozen dough (Fig. 1) . As shown in Fig.  2 , the crumb grain of the Wildcat bread made from dough that had been frozen for 4 weeks was better than that of the others. The breaking force and breaking deformation of dough showed considerable falling and rising in all doughs during a week of storage, while the changes in physical properties from one week to 4 weeks of storage were small in all categories. However, in Wildcat, the breaking force and breaking deformation during storage of 4 weeks were maintained to be rather larger and smaller than each value of the others. Though the vacuum expansion (gas retention) of dough also dropped considerably in each category during a week of storage, the tendency of those changes observed in each category during 4 weeks was similar to those of the breaking force of the dough. The gassing power of dough in each category also decreased according to the period of freezing. However, doughs with identical time in each category showed similar values. The results of the bread-making tests using no frozen dough and with various damaged yeasts are shown in Figs. 6, 7, 8, and 9 . The specific loaf volume of the breads gradually lowered with the level of yeast damage (gassing power of the dough) in all categories as shown in Fig. 6 , and there was very little difference in the gassing power among the categories (Fig. 7) . The vacuum expansions of the dough also tended to be gradually lowered proportionally to the gassing power in each category, as shown in Fig. 8 . However, in the Wildcat, the values of specific loaf volume and the vacuum expansion of the dough were always somewhat higher than the others in the tests with damaged yeast, and the latter value did not decrease greatly even with heavy yeast damage. The physical properties of the dough in the three categories did not change drastically as they did change in frozen dough as shown in Fig. 9 . However, the breaking force and breaking deformation of Control and ϩGluten gradually fell and rose according to the degree of damage to the yeast, and those values of Wildcat changed somewhat when damaged yeast treated 8 times was used. These results showed that each dough had the following characteristics: Even when heavily damaged yeast was added to the dough, the changes in the physical properties of Wildcat caused by this damage were small, and the specific loaf volume and gas retention of the dough were maintained at a high level. In contrast, the properties of the other flours gradually softened and decreased according to the damage level of yeast. Therefore, it was suggested that the Wildcat dough had a high resistance to degradation caused by yeast damage. It seemed that damage to the yeast from freezing, 6 . Effect of yeast freezing-thawing frequency on specific loaf volume. Symbols are shown in Fig. 1.   Fig. 7 . Effect of yeast freezing-thawing frequency on gassing power of dough. Symbols are shown in Fig. 1. leaching of reducing substances like GSH, and the decrease in gassing power, were the main factors causing degradation of the frozen dough. To elucidate the degradation level by reducing substances such as GSH leaking from the damaged yeast, the bread-making experiments were conducted with various amounts of ASA and GSH added. The results are shown in Fig. 10 . The specific loaf volume of Wildcat showed a higher value than that of the others under all conditions, and the values of Wildcat with GSH 50 ppm and 100 ppm did not decrease drastically. Though the results are not shown, those of vacuum expansion and physical properties of the dough also showed a fundamental tendency similar to the experimental results of the tests with damaged yeast.
Contribution of freezing damaged yeast to the degradation of frozen dough To elucidate the contribution of freezing damaged yeast to the degradation of frozen dough, we evaluated at the relationship between the gassing power of doughs, an index of the value of yeast damage, and specific loaf volume of the above bread-making tests. The results are shown in Fig. 11 . There was a significant correlation in each bread-making category (Control, ϩGluten, and Wildcat) between gassing power of dough and specific loaf volume. The results of the bread-making tests with frozen dough and damaged yeast bread-making tests in each category showed nearly identical correlation lines, and the specific loaf volume in each category of the two experiments decreased in proportion to the gassing power of dough. From these results, it was suggested that the effect of freezing itself did not have a significant impact on degradation of the frozen dough, because the results of the bread-making tests with frozen dough to learn the effect of damage by ice crystals showed a tendency almost equal to those of damaged yeast in a non-frozen condition.
The freezing damage to the yeast and the damage to the gluten matrix caused by ice crystals, which were described in the Introduction, were reported to be the main factors causing degradation of the frozen dough. Actually, in this experiment, the specific loaf volume, the breaking force, and the gas retention (vacuum expansion) of dough that had been frozen for a week decreased considerably and suddenly compared to dough which had not been frozen. These results also seem to indicate that the damage to gluten matrix caused by ice crystals contributes to this degradation. However, from the results shown in Fig. 6 , the specific loaf volume clearly dropped according to the degree of freezing damage to the yeast in each category of flour. Though it becomes repetition, the results from the bread-making tests using frozen dough and damaged yeast have very similar correlation in each flour category as shown in Fig. 11 . From the above results, the freezing damage to the yeast, which Kline and Sugihara (1968) and Tanaka et al. (1976) described, seems to be main factor in the degradation of the frozen dough in the bread-making conditions of this experiment.
The reason the contribution of freezing-damaged yeast was greater than that of the damaged gluten matrix was speculated to be the following: (1) Regular yeast with no resistance but a high sensitivity to freezing was used.
(2) The ratio of yeast to flour in frozen dough was 5%, a high value, and it was the composition of the bread that allowed the freeze-damaged yeast to cause degradation of the dough. (3) The method used to make this frozen dough was a no-time method with no fermentation prior to freezing; Inoue and Bushuk (1991) described that the dough made in the way had greater resistance to dough degradation caused by ice crystals than that of the method with fermentation before freezing. (4) In this no-time frozen dough method, the dough was Fig. 8 . Effect of yeast freezing-thawing frequency on vacuum expansion of dough (gas retention of dough). Symbols are shown in Fig. 1.   Fig. 9 . Effect of yeast freezing-thawing frequency on dough's physical properties. Symbols are shown in Fig. 5.   Fig. 10 . Effect of ASA and GSH addition on specific loaf volume. Symbols are shown in Fig. 1. rapidly frozen in an hour at Ϫ40˚C at first. The rapid freezing was the feature that made it difficult for the ice crystals to degrade the dough.
Consideration of Wildcat dough resistance to freezing Thus, the Wildcat dough exhibited physical properties of high breaking force and small breaking deformation, and had resistance to reduction by the substance that seemed to leak from yeast cell damaged by freezing. The changes in the physical properties of Wildcat dough were very small, even if a slight bit of the reducing substance leaked into the dough. The results showing the relationship among vacuum expansion of dough, breaking force, and specific loaf volume from all the bread-making tests are shown in Figs. 12 and 13. All of the results, including the addition of ASA, GSH, and damaged yeast tests have an almost identical correlation that can be seen by the straight lines. This proves that the specific loaf volume was largely determined by the gas retention (vacuum expansion) and breaking force of the dough. In short, freeze damage caused a decrease in the specific loaf volume by lowering the gas retention. The main factor involved in lowering of this gas retention seemed to be the soft-ening of the dough, which was caused by freeze-damaged yeast, because there was a high correlation between the breaking force of the dough and the specific loaf volume, as can be seen in Fig.  13 . From the above results, the favorable properties of Wildcat when used in frozen dough seemed to be due to the rather high values of gas retention and breaking force of the dough after long freezing storage. These characteristics are apparently related to the particular physical properties of this dough without freezing, as represented by the very high value of the breaking force. Fig. 11 Relationship between gassing power of dough and specific loaf volume. ᭹, , , Control; ᭡, , , ϩGluten; , , , Wildcat; ᭹, ᭡, , nonfreezing, fresh yeast; , , , frozen dough; , , , damaged yeast; *** Significance at 0.1%.
Fig. 12
Relationship between vacuum expansion of dough (gas retention of dough) and specific loaf volume. ᭹, non-freezing, fresh yeast; , frozen dough; , damaged yeast; , ASA, GSH addition; *** Significance at 0.1%. 
